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https://github.com/SebastianMacaluso/ToyJetsShower

¥Captures essential ingredients of full physics simulations.

¥Implements an analogue to a parton shower (no hadronization effects). 

¥Tractable joint likelihood 

¥Presented in machine-learning friendly format

Toy Generative Model for Jets

Kyle Cranmer, SM & Duccio Pappadopulo

Motivation: build a model to aid in machine learning research for jet physics.

https://github.com/SebastianMacaluso/ToyJetsShower
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Sample jet

Jet constituents + showering path => jet binary tree

[S
tefan H

oche 1411.4085]
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¥Momentum conservation

¥Running of the splitting scale

Model Considerations

Recursive algorithm to generate a binary tree with jet constituents as the leaves.

Showering process: binary splittings + stopping rule.

Reconstruction

¥Permutation invariance

¥Distance measure (e.g. kt)

=> An analogue of the generalized     clustering algorithms can be deÞned. kt

Generation
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Model SpeciÞcation Toy Generative Model for Jets

Kyle Cranmer1, Sebastian Macaluso1 and Duccio Pappadopulo2

1 Center for Cosmology and Particle Physics & Center for Data Science, New York

University, USA

2 Bloomberg LP, New York, NY 10022, USA.

1 Introduction

In this notes, we provide a standalone description of a generative model to aid in machine

learning (ML) research for jet physics. The motivation is to build a model that has

a tractable likelihood, and is as simple and easy to describe as possible but at the

same time captures the essential ingredients of parton shower generators in full physics

simulations. The aim is for the model to have a python implementation with few software

dependencies.

Parton shower generators are software tools that encode a physics model for the

simulation of jets that are produced at colliders, e.g. the Large Hadron Collider at

CERN. Jets are a collimated spray of energetic charged and neutral particles. Parton

showers generate the particle content of a jet, going through a cascade process, starting

from an initial unstable particle. In this description, there is a recursive algorithm that

produces binary splittings of an unstable parent particle into two children particles, and

a stopping rule. Thus, starting from the initial unstable particle, successive splittings

are implemented until all the particles are stable (i.e. the stopping rule is satisfied for

each of the final particles). We refer to this final particles as the jet constituents.

As a result of this showering process, there could be many latent paths that may lead

to a specific jet (i.e. the set of constituents). Thus, it is natural and straightforward to

represent a jet and the particular showering path that gave rise to it as a binary tree,

where the inner nodes represent each of the unstable particles and the leaves represent

the jet constituents.

1

¥Stand-alone mathematical speciÞcation  of model

¥Document describing model to non-physicists

¥Algorithm described in computer science style 

¥Python implementation with few software dependencies
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Binary Tree Visualizations

https://github.com/SebastianMacaluso/VisualizeBinaryTrees

Truth jet Anti-kt jet

Kyle Cranmer, SM & Duccio Pappadopulo

https://github.com/SebastianMacaluso/VisualizeBinaryTrees
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Truth jet

kt jet
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Heat dendrogram cluster maps

Truth jet
Tr

ut
h 

je
t



!9

Heat dendrogram cluster maps
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¥Reconstructing the splitting history is like inverting the generative model 

¥This is how we think of the kt algorithm 

¥Hard ! There are a combinatorial number of histories to consider 

¥Usually jet reconstruction algorithms donÕt use the probability model directly

¥We use the likelihood for the history as the optimization objective  for benchmark

Example Benchmark Task

Kyle Cranmer, SM & Duccio Pappadopulo

Assuming the toy model, attempt to Þnd the most likely splitting history
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Reconsidering the kT algorithm

Intuitively, small       means high likelihood the pair came from the same parent.

Viewed this way, kt is a greedy algorithm for Þnding most likely history.

Generalized kt clustering algorithms

Choose the nodes pairing that locally maximizes the likelihood at each step given by

Greedy likelihood-based algorithm

Current implementations of the generalized kt clustering algorithms sequentially choose 
the closest pair according to the        distance measure. dij

<latexit sha1_base64="xJOrNSPtbAg+ETlBwp5HLWBh75c=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lqQY9FLx4r2A9oQ9lsNu3azSbuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8w8P+FMacf5tkpr6xubW+Vte2d3b/+gcnjUUXEqCW2TmMey52NFORO0rZnmtJdIiiOf064/ucn97hOVisXiXk8T6kV4JFjICNZG6gXDjD3MbHtYqTo1Zw60StyCVKFAa1j5GgQxSSMqNOFYqb7rJNrLsNSMcDqzB6miCSYTPKJ9QwWOqPKy+b0zdGaUAIWxNCU0mqu/JzIcKTWNfNMZYT1Wy14u/uf1Ux1eeRkTSaqpIItFYcqRjlH+PAqYpETzqSGYSGZuRWSMJSbaRJSH4C6/vEo69Zp7UavfNarN6yKOMpzAKZyDC5fQhFtoQRsIcHiGV3izHq0X6936WLSWrGLmGP7A+vwBPSOPcA==</latexit>

p(�L,�R|�p)
<latexit sha1_base64="lU7ABlgUyUM7SIp8Y8ICdx/OQ7k=">AAACI3icbZDJSgNBEIZ7XGPcoh69NAYhgoSZKCiegnrw4CGKWSAJoadT0SY9C901YhjnXbz4Kl48KMGLB9/FznIwiT80/HxVRXX9biiFRtv+tubmFxaXllMr6dW19Y3NzNZ2RQeR4lDmgQxUzWUapPChjAIl1EIFzHMlVN3uxaBefQSlReDfYS+EpsfufdERnKFBrcxZmGtcgkTWihsITxhfJ8khnUS3SfI8ScIkOaCtTNbO20PRWeOMTZaMVWpl+o12wCMPfOSSaV137BCbMVMouIQk3Yg0hIx32T3UjfWZB7oZD29M6L4hbdoJlHk+0iH9OxEzT+ue55pOj+GDnq4N4H+1eoSd02Ys/DBC8PloUSeSFAM6CIy2hQKOsmcM40qYv1L+wBTjaGJNmxCc6ZNnTaWQd47yhZvjbPF8HEeK7JI9kiMOOSFFckVKpEw4eSFv5IN8Wq/Wu9W3vkatc9Z4ZodMyPr5BRiUpcw=</latexit>

Our implementation improves the      brute force time complexity to      following the 
approach based on nearest neighbors introduced in FastJet 
[hep-ph/0512210, G. Salam and M. Cacciari!LPTHE-06-02].

N 2
<latexit sha1_base64="SbaXBcJSHaAW17MuvRxxKEp1+yI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54konlAEsPspDcZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPrqd+8wmV5pF8MOMYuyEdSB5wRo2V7m8fK71iyS27M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1np07IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFlN+UyTgxKNl8UJIKYiEz/Jn2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS9s3Ll7rxUvcriyMMRHMMpeHABVbiBGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPzPKNeg==</latexit>

N3
<latexit sha1_base64="Gza0aw3JXQISLpXrmWFGlnnMQMo=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd1E0GPQiyeJaB6QrGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyG11O/+YRK81g+mFGCfkT7koecUWOl+9vHSrdQdEvuDGSZeBkpQoZat/DV6cUsjVAaJqjWbc9NjD+mynAmcJLvpBoTyoa0j21LJY1Q++PZqRNyapUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDSH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOnkbgrf48jJplEtepVS+Oy9Wr7I4cnAMJ3AGHlxAFW6gBnVg0IdneIU3RzgvzrvzMW9dcbKZI/gD5/MHznaNew==</latexit>

dij
<latexit sha1_base64="xJOrNSPtbAg+ETlBwp5HLWBh75c=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lqQY9FLx4r2A9oQ9lsNu3azSbuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8w8P+FMacf5tkpr6xubW+Vte2d3b/+gcnjUUXEqCW2TmMey52NFORO0rZnmtJdIiiOf064/ucn97hOVisXiXk8T6kV4JFjICNZG6gXDjD3MbHtYqTo1Zw60StyCVKFAa1j5GgQxSSMqNOFYqb7rJNrLsNSMcDqzB6miCSYTPKJ9QwWOqPKy+b0zdGaUAIWxNCU0mqu/JzIcKTWNfNMZYT1Wy14u/uf1Ux1eeRkTSaqpIItFYcqRjlH+PAqYpETzqSGYSGZuRWSMJSbaRJSH4C6/vEo69Zp7UavfNarN6yKOMpzAKZyDC5fQhFtoQRsIcHiGV3izHq0X6936WLSWrGLmGP7A+vwBPSOPcA==</latexit>

P

L R
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Likelihood-based clustering
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Greedy
Joint likelihood from 

locally maximizing the 
likelihood at step.

Beam Search 
Maximize the likelihood 
of multiple steps before 
choosing the latent path.

Joint likelihood:  

p(x|z) =
Y

i

p(�Li ,�Ri |�pi
)

<latexit sha1_base64="v++ot/9Pi3lmjGRDYY93HOTybNg="></latexit>

Goal: Þnd the latent structure 
that maximizes the jet 
likelihood (MLE).

Given an algorithm, z is Þxed.

ẑMLE = argmaxz p(x|z)
<latexit sha1_base64="ZngrerDtT0vAh4Jrs3VfJ/I1sEY="></latexit>

ẑGreedy
<latexit sha1_base64="6yacEYGl0wyaNjj7BbK6wlwtPhI=">AAACAXicbVDLSsNQEL3xWesr6kZwEyyCq5JUQZdFF7qsYB/QhnJzO2kvvXlw70SMIW78FTcuFHHrX7jzb0zaLLT1wMDhnBlm5jih4ApN81tbWFxaXlktrZXXNza3tvWd3ZYKIsmgyQIRyI5DFQjuQxM5CuiEEqjnCGg748vcb9+BVDzwbzEOwfbo0OcuZxQzqa/v90YUk4e0n/QQ7jG5kgCDOE3Lfb1iVs0JjHliFaRCCjT6+ldvELDIAx+ZoEp1LTNEO6ESOROQlnuRgpCyMR1CN6M+9UDZyeSD1DjKlIHhBjIrH42J+nsioZ5SsedknR7FkZr1cvE/rxuhe24n3A8jBJ9NF7mRMDAw8jiMAZfAUMQZoUzy7FaDjaikDLPQ8hCs2ZfnSatWtU6qtZvTSv2iiKNEDsghOSYWOSN1ck0apEkYeSTP5JW8aU/ai/aufUxbF7RiZo/8gfb5A3JEl4Q=</latexit>

ẑBS
<latexit sha1_base64="U1quTWHyW0T4R65yOydADWX0o20=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmqoMtSNy4r2gc0IUymk3bo5MHMjdiG4K+4caGIW//DnX/jpM1CWw9cOJxzL/fe48WcSTDNb620srq2vlHerGxt7+zu6fsHHRklgtA2iXgkeh6WlLOQtoEBp71YUBx4nHa98XXudx+okCwK72ESUyfAw5D5jGBQkqsf2SMM6TRzUxvoI6TNuyyruHrVrJkzGMvEKkgVFWi5+pc9iEgS0BAIx1L2LTMGJ8UCGOE0q9iJpDEmYzykfUVDHFDppLPrM+NUKQPDj4SqEIyZ+nsixYGUk8BTnQGGkVz0cvE/r5+Af+WkLIwToCGZL/ITbkBk5FEYAyYoAT5RBBPB1K0GGWGBCajA8hCsxZeXSades85r9duLaqNZxFFGx+gEnSELXaIGukEt1EYETdEzekVv2pP2or1rH/PWklbMHKI/0D5/AAEQlZE=</latexit>

Viterbi algorithm
Computationally ÒinfeasibleÓ for 

jets with ~ 100 constituents pGreedy ! pBS
<latexit sha1_base64="l4F4H9wfmVZNYAqQp3NNTMt+Pso=">AAACEXicbVDJSgNBEO1xjXEb9eilMQg5hZko6DHEgx4jmgWSEHo6laRJz0J3jRiG+QUv/ooXD4p49ebNv7GzIJr4oODxXhVV9bxICo2O82UtLa+srq1nNrKbW9s7u/befk2HseJQ5aEMVcNjGqQIoIoCJTQiBcz3JNS94cXYr9+B0iIMbnEUQdtn/UD0BGdopI6djzpJC+Eek0sF0B2lKW1J0FoLn/5Y5Zs07dg5p+BMQBeJOyM5MkOlY3+2uiGPfQiQS6Z103UibCdMoeAS0mwr1hAxPmR9aBoaMB90O5l8lNJjo3RpL1SmAqQT9fdEwnytR75nOn2GAz3vjcX/vGaMvfN2IoIoRgj4dFEvlhRDOo6HdoUCjnJkCONKmFspHzDFOJoQsyYEd/7lRVIrFtyTQvH6NFcqz+LIkENyRPLEJWekRK5IhVQJJw/kibyQV+vRerberPdp65I1mzkgf2B9fANM+J6Q</latexit>
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Jets log likelihood

Mean values:
log pGreedy = �111.2± 3.1

<latexit sha1_base64="QRUPD0io0miHUf/x5DVqAErhZ/4=">AAACFXicbVDJSgNBEO2JW4xb1KOXxiB4iMN0FPQiiB70GMEkQiaEnk4lNulZ6K4Rw5Cf8OKvePGgiFfBm39jZzm4PSh4vFdFVb0gUdKg5306uZnZufmF/GJhaXllda24vlE3caoF1ESsYn0dcANKRlBDiQquEw08DBQ0gv7ZyG/cgjYyjq5wkEAr5L1IdqXgaKV2sewj3GGm4t6Q+mW/nLQnwrkG6AyGx3uMMbfiJyHdd1m7WPJcbwz6l7ApKZEpqu3ih9+JRRpChEJxY5rMS7CVcY1SKBgW/NRAwkWf96BpacRDMK1s/NWQ7lilQ7uxthUhHavfJzIeGjMIA9sZcrwxv72R+J/XTLF71MpklKQIkZgs6qaKYkxHEdGO1CBQDSzhQkt7KxU3XHOBNsiCDYH9fvkvqVdctu9WLg9KJ6fTOPJki2yTXcLIITkhF6RKakSQe/JInsmL8+A8Oa/O26Q150xnNskPOO9fMOudgg==</latexit>

log pBS = ! 85.7 ± 2.6
<latexit sha1_base64="8GOmJYaYNzfswf2K78B3945vsOw=">AAACEHicbVDJSgNBEO1xjXEb9eilMYge4jATl+QihHjxGNEskAmhp9NJmvQsdNeIYcgnePFXvHhQxKtHb/6NneWgiQ8KHu9VUVXPiwRXYNvfxsLi0vLKamotvb6xubVt7uxWVRhLyio0FKGse0QxwQNWAQ6C1SPJiO8JVvP6VyO/ds+k4mFwB4OINX3SDXiHUwJaaplHLrAHSETYHWI362aj1kQo3Q4vTwrnVt6NfJyzLlpmxrbsMfA8caYkg6Yot8wvtx3S2GcBUEGUajh2BM2ESOBUsGHajRWLCO2TLmtoGhCfqWYyfmiID7XSxp1Q6goAj9XfEwnxlRr4nu70CfTUrDcS//MaMXQKzYQHUQwsoJNFnVhgCPEoHdzmklEQA00IlVzfimmPSEJBZ5jWITizL8+Tas5yTq3czVmmWJrGkUL76AAdIwflURFdozKqIIoe0TN6RW/Gk/FivBsfk9YFYzqzh/7A+PwBQmubaA==</latexit>

log pTruth = �76.8± 2.5
<latexit sha1_base64="XVESEMn5wqIIVQfRUHa7PfmT/vs=">AAACE3icbVDJSgNBEO2JW4zbqEcvjUEQicNMXJKLEPTiMUI2yITQ0+kkTXoWumvEMOQfvPgrXjwo4tWLN//GznLQxAcFj/eqqKrnRYIrsO1vI7W0vLK6ll7PbGxube+Yu3s1FcaSsioNRSgbHlFM8IBVgYNgjUgy4nuC1b3Bzdiv3zOpeBhUYBixlk96Ae9ySkBLbfPEBfYAiQh7I+zm3FzUngoVGUN/dHVauLSKbuTjvHXRNrO2ZU+AF4kzI1k0Q7ltfrmdkMY+C4AKolTTsSNoJUQCp4KNMm6sWETogPRYU9OA+Ey1kslPI3yklQ7uhlJXAHii/p5IiK/U0Pd0p0+gr+a9sfif14yhW2wlPIhiYAGdLurGAkOIxwHhDpeMghhqQqjk+lZM+0QSCjrGjA7BmX95kdTylnNm5e/Os6XrWRxpdIAO0TFyUAGV0C0qoyqi6BE9o1f0ZjwZL8a78TFtTRmzmX30B8bnDy9ZnQg=</latexit>



!14

Final remarks

¥Goal: UniÞcation of generation and inference.
     - Future work: study the implementation of this technique on full physics simulators.

- Potential collaboration with JetScape collaboration?

¥Could we learn the node splitting from Þtting to data and systematically improve the 
generative model?

¥Study metrics to compare jet trees latent structures.

¥Beam search is strictly better than the greedy algorithm (e.g. kt) in terms of estimating 
the most likely tree.

¥Explore other possibilities for jet clustering algorithms and compare their 
performance.

Thanks for your attention!
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Splitting of a parent node

! p = | !! p |
<latexit sha1_base64="zuTF0uy3zwDgwf0mrTMNVY+MMuY=">AAACFnicbVDLSgNBEJyNrxhfqx69DAbFi2E3CnoRgnrwGMEkQjaE2UlHh8w+mOkNhk2+wou/4sWDIl7Fm3/j5AFqtKChqOqmu8uPpdDoOJ9WZmZ2bn4hu5hbWl5ZXbPXN6o6ShSHCo9kpK59pkGKECooUMJ1rIAFvoSa3zkb+rUuKC2i8Ap7MTQCdhOKtuAMjdS0971zkMiaHsIdpvGA7p7QPvW6wFM6tgbfXr9p552CMwL9S9wJyZMJyk37w2tFPAkgRC6Z1nXXibGRMoWCSxjkvERDzHiH3UDd0JAFoBvp6K0B3TFKi7YjZSpEOlJ/TqQs0LoX+KYzYHirp72h+J9XT7B93EhFGCcIIR8vaieSYkSHGdGWUMBR9gxhXAlzK+W3TDGOJsmcCcGdfvkvqRYL7kGheHmYL51O4siSLbJN9ohLjkiJXJAyqRBO7skjeSYv1oP1ZL1ab+PWjDWZ2SS/YL1/ARvSn1o=</latexit>

!! p = ! p (sin " p , cos" p)
<latexit sha1_base64="GT2wHr1lowe+0TozTdX5HDCUE7U="></latexit>

!pL =
1
2

!pp ! !! p

!pR =
1
2

!pp + !! p
<latexit sha1_base64="u5Vb5iqxNfZ3+QHkcLIjJGAwzsE="></latexit>

Generative process

P
<latexit sha1_base64="XQPcdn2fbqhsoywO4FhGlMpatsM=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120i7dbOLuRCyhf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWqndRXjCrD7plcpuxZ2BLhMvJ2WSo94rfXX7MU8jUMglM6bjuQn6GdMouIRJsZsaSBgfsQF0LFUsAuNns3sn9NQqfRrG2pZCOlN/T2QsMmYcBbYzYjg0i95U/M/rpBhe+ZlQSYqg+HxRmEqKMZ0+T/tCA0c5toRxLeytlA+ZZhxtREUbgrf48jJpViveeaV6d1GuXedxFMgxOSFnxCOXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxb11x8pkj8gfO5w9rQpA3</latexit>

L
<latexit sha1_base64="FKdwrcVieeuPE+YSOjXCCd38M7I=">AAAB73icbVA9SwNBEN2LXzF+RS1tFoNgFe6ioGXQxsIigvmA5Ah7m0myZG/v3J0Tw5E/YWOhiK1/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0RzqPJKRbgXMgBQK6ihQQivWwMJAQjMYXU/95iNoIyJ1j+MY/JANlOgLztBKrQ7CE6a3k26x5JbdGegy8TJSIhlq3eJXpxfxJASFXDJj2p4bo58yjYJLmBQ6iYGY8REbQNtSxUIwfjq7d0JPrNKj/UjbUkhn6u+JlIXGjMPAdoYMh2bRm4r/ee0E+5d+KlScICg+X9RPJMWITp+nPaGBoxxbwrgW9lbKh0wzjjaigg3BW3x5mTQqZe+sXLk7L1Wvsjjy5Igck1PikQtSJTekRuqEE0meySt5cx6cF+fd+Zi35pxs5pD8gfP5A2UukDM=</latexit>

R
<latexit sha1_base64="GGc3/OKjcRcOmqS/I/IUjyUsfkc=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx7RyCMBQmaHWZgwO7vO9BrJhp/w4kFjvPo73vwbB9iDgpV0UqnqTneXH0th0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPd8qnhUiheR4GSt2LNaehL3vRH11O/+ci1EZG6x3HMuyEdKBEIRtFKrQ7yJ0zvJr1iyS27M5Bl4mWkBBlqveJXpx+xJOQKmaTGtD03xm5KNQom+aTQSQyPKRvRAW9bqmjITTed3TshJ1bpkyDSthSSmfp7IqWhMePQt50hxaFZ9Kbif147weCymwoVJ8gVmy8KEkkwItPnSV9ozlCOLaFMC3srYUOqKUMbUcGG4C2+vEwalbJ3Vq7cnpeqV1kceTiCYzgFDy6gCjdQgzowkPAMr/DmPDgvzrvzMW/NOdnMIfyB8/kDbkyQOQ==</latexit>

�P
<latexit sha1_base64="OBd0wGfp92+TGtS2aODqr13Ns5Q=">AAAB+nicbVDJSgNBEO2JW4xbokcvg0HwFGaioMegHjxGMAtkhqGnU5M06VnorlHDOJ/ixYMiXv0Sb/6NneWgiQ8KHu9VUVXPTwRXaFnfRmFldW19o7hZ2tre2d0rV/bbKk4lgxaLRSy7PlUgeAQt5Cigm0igoS+g44+uJn7nHqTicXSH4wTckA4iHnBGUUteueJcg0DqZQ7CI2bNPPfKVatmTWEuE3tOqmSOplf+cvoxS0OIkAmqVM+2EnQzKpEzAXnJSRUklI3oAHqaRjQE5WbT03PzWCt9M4ilrgjNqfp7IqOhUuPQ150hxaFa9Cbif14vxeDCzXiUpAgRmy0KUmFibE5yMPtcAkMx1oQyyfWtJhtSSRnqtEo6BHvx5WXSrtfs01r99qzauJzHUSSH5IicEJuckwa5IU3SIow8kGfySt6MJ+PFeDc+Zq0FYz5zQP7A+PwB1CeUXw==</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

z
<latexit sha1_base64="SN7YQr99PHKpfNXq0Ya4vXtPL6c=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xkUcCGzI7DDBhdnad6TXihp/w4kFjvPo73vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+cC1EZG6w3HM/ZAOlOgLRtFKrQ7yR0yfJt1iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9n907IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItPnSU9ozlCOLaFMC3srYUOqKUMbUcGG4C2+vEwalbJ3Vq7cnpeqV1kceTiCYzgFDy6gCjdQgzowkPAMr/Dm3DsvzrvzMW/NOdnMIfyB8/kDqxSQYQ==</latexit>

y
<latexit sha1_base64="Pdj25tV0P7xHyNkvzjLd9bCMWBY=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120i7dbOLuRCyhf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWqndRXjCbDzplcpuxZ2BLhMvJ2WSo94rfXX7MU8jUMglM6bjuQn6GdMouIRJsZsaSBgfsQF0LFUsAuNns3sn9NQqfRrG2pZCOlN/T2QsMmYcBbYzYjg0i95U/M/rpBhe+ZlQSYqg+HxRmEqKMZ0+T/tCA0c5toRxLeytlA+ZZhxtREUbgrf48jJpViveeaV6d1GuXedxFMgxOSFnxCOXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxb11x8pkj8gfO5w+pj5Bg</latexit>

We deÞne a model with a given decaying rate   , initial splitting scale      and cut-off scale   
         .

�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

�min
<latexit sha1_base64="LTn6+HIr2iIyMjZA3DNXVtk+x9s=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4KkkV9FjUg8cK9gPaEjbbabt0swm7EzGE+le8eFDEqz/Em//GbZuDtj4YeLw3w8y8IBZco+t+Wyura+sbm4Wt4vbO7t6+fXDY1FGiGDRYJCLVDqgGwSU0kKOAdqyAhoGAVjC+nvqtB1CaR/Ie0xh6IR1KPuCMopF8u9S9AYHUz7oIj5iFXE4mvl12K+4MzjLxclImOeq+/dXtRywJQSITVOuO58bYy6hCzgRMit1EQ0zZmA6hY6ikIeheNjt+4pwYpe8MImVKojNTf09kNNQ6DQPTGVIc6UVvKv7ndRIcXPYyLuMEQbL5okEiHIycaRJOnytgKFJDKFPc3OqwEVWUocmraELwFl9eJs1qxTurVO/Oy7WrPI4COSLH5JR45ILUyC2pkwZhJCXP5JW8WU/Wi/VufcxbV6x8pkT+wPr8AZ8AlWc=</latexit>

�0
<latexit sha1_base64="r+TTUJjYYEDLz23IeKJDS5KJym4=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6Q9t1cquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmlWK955pXp/Ua5d53EU4BhO4Aw8uIQa3EEdGsBAwjO8wpvz6Lw4787HvHXFyWeO4A+czx+Jbo+j</latexit>

! ! Uniform(0, 2" )
<latexit sha1_base64="vEFhK/u5U8harQWWuPkEkdXq5G8=">AAACCXicbVBNS8NAEN34WetX1KOXxSJUkJJUQY9FLx4rmLbQhLLZbtulu0nYnYgl9OrFv+LFgyJe/Qfe/Ddu2xy09cHA470ZZuaFieAaHOfbWlpeWV1bL2wUN7e2d3btvf2GjlNFmUdjEatWSDQTPGIecBCslShGZChYMxxeT/zmPVOax9EdjBIWSNKPeI9TAkbq2NhPBhz7mkvsA3uAzDNurOS47JxW/YSfdOySU3GmwIvEzUkJ5ah37C+/G9NUsgioIFq3XSeBICMKOBVsXPRTzRJCh6TP2oZGRDIdZNNPxvjYKF1sDjAVAZ6qvycyIrUeydB0SgIDPe9NxP+8dgq9yyDjUZICi+hsUS8VGGI8iQV3uWIUxMgQQhU3t2I6IIpQMOEVTQju/MuLpFGtuGeV6u15qXaVx1FAh+gIlZGLLlAN3aA68hBFj+gZvaI368l6sd6tj1nrkpXPHKA/sD5/AGbWmX4=</latexit>

! ! f (! |! , ! p ) =
!

! p
e! !

! p
!

<latexit sha1_base64="JmVb+Hw/+gS+9Tzo2uQpmVVj/Yw="></latexit>

�root =
mX

2
<latexit sha1_base64="1hK3BbYXT+EnR9Kz7m+FPABF6YE=">AAACD3icbVA9SwNBEN3z2/gVtbRZDIpVuIuCNkJQC0sFo4FcOPY2c7q4d3vszolhuX9g41+xsVDE1tbOf+MmpvDrwcDjvRlm5sW5FAZ9/8MbG5+YnJqema3MzS8sLlWXV86NKjSHFldS6XbMDEiRQQsFSmjnGlgaS7iIrw8H/sUNaCNUdob9HLopu8xEIjhDJ0XVzfAIJLLIhgi3aLVSWJZ0n4aJZtymkW2XpW2UUbXm1/0h6F8SjEiNjHASVd/DnuJFChlyyYzpBH6OXcs0Ci6hrISFgZzxa3YJHUczloLp2uE/Jd1wSo8mSrvKkA7V7xOWpcb009h1pgyvzG9vIP7ndQpM9rpWZHmBkPGvRUkhKSo6CIf2hAaOsu8I41q4Wym/Yi4JdBFWXAjB75f/kvNGPdiuN053as2DURwzZI2sky0SkF3SJMfkhLQIJ3fkgTyRZ+/ee/RevNev1jFvNLNKfsB7+wQgAJ1Y</latexit>

Heavy resonance X jet:
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Can we cluster jets based on the 
likelihood of each splitting?  

P
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Latent 
Structure

p(x|z) =
!

i

p(L i , Ri |Pi )
<latexit sha1_base64="uvgghV3RmrkmeVn9fcqeke0MHl8=">AAACIHicbZBNSwMxEIazftb6terRS7AILUjZrUK9CEUvHjxUsVVoy5JN0xqa3Q3JrLRu+1O8+Fe8eFBEb/prTD8O2joQeOadGSbz+lJwDY7zZc3NLywuLadW0qtr6xub9tZ2VUexoqxCIxGpW59oJnjIKsBBsFupGAl8wW78ztmwfnPPlOZReA09yRoBaYe8xSkBI3l2UWa7/YccPsF1qaKmx7HM1oF1IbkYePxgjFcGcR+Pk7JJctizM07eGQWeBXcCGTSJsmd/1psRjQMWAhVE65rrSGgkRAGngg3S9VgzSWiHtFnNYEgCphvJ6MAB3jdKE7ciZV4IeKT+nkhIoHUv8E1nQOBOT9eG4n+1Wgyt40bCQxkDC+l4USsWGCI8dAs3uWIURM8AoYqbv2J6RxShYDxNGxPc6ZNnoVrIu4f5wuVRpnQ6sSOFdtEeyiIXFVEJnaMyqiCKHtEzekVv1pP1Yr1bH+PWOWsys4P+hPX9A+bBotQ=</latexit>

Joint likelihood:  

Splitting likelihood:  

d(L i , Ri ) ! d(!pL , !pR )
<latexit sha1_base64="J+79SKpjaQcIeZdVQtlP9UQgvy8=">AAACMnicbZDJSgNBEIZ73I1b1KOXxiAkEMKMCnoUvSh4UDELJGHo6VRiY89id00wDPNMXnwSwYMeFPHqQ9hZBE0saPj4/yqq6/ciKTTa9os1NT0zOze/sJhZWl5ZXcuub1R0GCsOZR7KUNU8pkGKAMooUEItUsB8T0LVuz3p+9UuKC3C4Bp7ETR91glEW3CGRnKzZ618A+Eek/PUFcUhXhks0AbcxaJLjd8FnkSpm/w0psUx6S pNacHN5uySPSg6Cc4IcmRUF272qdEKeexDgFwyreuOHWEzYQoFl5BmGrGGiPFb1oG6wYD5oJvJ4OSU7hilRduhMi9AOlB/TyTM17rne6bTZ3ijx72++J9Xj7F92ExEEMUIAR8uaseSYkj7+dGWUMBR9gwwroT5K+U3TDGOJuWMCcEZP3kSKrslZ6+0e7mfOzoexbFAtsg2yROHHJAjckouSJlw8kCeyRt5tx6tV+vD+hy2TlmjmU3yp6yvb2EWrBM=</latexit>

p(L i , Ri |Pi ) ! p(!pL , !pR |!pP )
<latexit sha1_base64="yT9nrgZPzYyBmP6PoQBBVFadv2g="></latexit>

 distance measure kt
<latexit sha1_base64="cozfbcYfBH/0ipaW35wY3xKQv/M=">AAAB7HicbVBNS8NAEJ34WeNX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+YtDlo64OBx3szzMwLEikMOs63tba+sbm1Xdmxd/f2Dw6rR8dtE6eacY/FMtbdgBouheIeCpS8m2hOo0DyTjC5K/zOE9dGxOoRpwn3IzpSIhSMYi55kwHa9qBac+rOHGSVuCWpQYnWoPrVH8YsjbhCJqkxPddJ0M+oRsEkn9n91PCEsgkd8V5OFY248bP5sTNynitDEsY6L4Vkrv6eyGhkzDQK8s6I4tgse4X4n9dLMbzxM6GSFLlii0VhKgnGpPicDIXmDOU0J5Rpkd9K2JhqyjDPpwjBXX55lbQbdfey3ni4qjVvyzgqcApncAEuXEMT7qEFHjAQ8Ayv8GYp68V6tz4WrWtWOXMCf2B9/gDJZI4C</latexit>

Jet clustering
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Bottom-up approach: nodes pairing likelihood in the Toy 
Generative model for jets

For our model, given    and          , and a pair of nodes to be clustered, we calculate�
<latexit sha1_base64="KR7Mt/phY1Kx38Up6egdPk98AOk=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqAN5WYyaYdOJmFmIpTQj3DjQhG3fo87/8Zpm4W2Hhg4nHMuc+8JUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIpylo0EYnqBqiZ4JK1DDeCdVPFMA4E6wTju5nfeWJK80Q+mknK/BiHkkecorFSpy9sNMRBperW3DnIKvEKUoUCzUHlqx8mNIuZNFSg1j3PTY2fozKcCjYt9zPNUqRjHLKepRJjpv18vu6UnFslJFGi7JOGzNXfEznGWk/iwCZjNCO97M3E/7xeZqIbP+cyzQyTdPFRlAliEjK7nYRcMWrExBKkittdCR2hQmpsQ2Vbgrd88ipp12veZa3+cFVt3BZ1lOAUzuACPLiGBtxDE1pAYQzP8ApvTuq8OO/OxyK65hQzJ/AHzucPPhOPgQ==</latexit>

�min
<latexit sha1_base64="LTn6+HIr2iIyMjZA3DNXVtk+x9s=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4KkkV9FjUg8cK9gPaEjbbabt0swm7EzGE+le8eFDEqz/Em//GbZuDtj4YeLw3w8y8IBZco+t+Wyura+sbm4Wt4vbO7t6+fXDY1FGiGDRYJCLVDqgGwSU0kKOAdqyAhoGAVjC+nvqtB1CaR/Ie0xh6IR1KPuCMopF8u9S9AYHUz7oIj5iFXE4mvl12K+4MzjLxclImOeq+/dXtRywJQSITVOuO58bYy6hCzgRMit1EQ0zZmA6hY6ikIeheNjt+4pwYpe8MImVKojNTf09kNNQ6DQPTGVIc6UVvKv7ndRIcXPYyLuMEQbL5okEiHIycaRJOnytgKFJDKFPc3OqwEVWUocmraELwFl9eJs1qxTurVO/Oy7WrPI4COSLH5JR45ILUyC2pkwZhJCXP5JW8WU/Wi/VufcxbV6x8pkT+wPr8AZ8AlWc=</latexit>

!! p =
1
2

(!pR ! !pL )
<latexit sha1_base64="f8+uJRUpxeUwenb3+MiP9JvgWHY="></latexit>

! p = | !! p |
<latexit sha1_base64="zuTF0uy3zwDgwf0mrTMNVY+MMuY=">AAACFnicbVDLSgNBEJyNrxhfqx69DAbFi2E3CnoRgnrwGMEkQjaE2UlHh8w+mOkNhk2+wou/4sWDIl7Fm3/j5AFqtKChqOqmu8uPpdDoOJ9WZmZ2bn4hu5hbWl5ZXbPXN6o6ShSHCo9kpK59pkGKECooUMJ1rIAFvoSa3zkb+rUuKC2i8Ap7MTQCdhOKtuAMjdS0971zkMiaHsIdpvGA7p7QPvW6wFM6tgbfXr9p552CMwL9S9wJyZMJyk37w2tFPAkgRC6Z1nXXibGRMoWCSxjkvERDzHiH3UDd0JAFoBvp6K0B3TFKi7YjZSpEOlJ/TqQs0LoX+KYzYHirp72h+J9XT7B93EhFGCcIIR8vaieSYkSHGdGWUMBR9gxhXAlzK+W3TDGOJsmcCcGdfvkvqRYL7kGheHmYL51O4siSLbJN9ohLjkiJXJAyqRBO7skjeSYv1oP1ZL1ab+PWjDWZ2SS/YL1/ARvSn1o=</latexit>

p(! L , ! R |! p) = p(! L |! p) p(! R |! p) p(! )
<latexit sha1_base64="QSLYGrdNmPXedISaKrYLVhla4Sw="></latexit>

where 

p(�) =
1

2⇡
<latexit sha1_base64="3YVX8Zq9mx+kZCkhnEmuiBrA67k=">AAACAnicbVBNS8NAEJ34WetX1JN4WSxCvZSkCnoRil48VrAf0JSy2W7apZtk2d0IJQQv/hUvHhTx6q/w5r9x2+agrQ8GHu/NMDPPF5wp7Tjf1tLyyuraemGjuLm1vbNr7+03VZxIQhsk5rFs+1hRziLa0Exz2haS4tDntOWPbiZ+64FKxeLoXo8F7YZ4ELGAEayN1LMPRdkTQ3aKrpAXSExSN0uryBMs69klp+JMgRaJm5MS5Kj37C+vH5MkpJEmHCvVcR2huymWmhFOs6KXKCowGeEB7Rga4ZCqbjp9IUMnRumjIJamIo2m6u+JFIdKjUPfdIZYD9W8NxH/8zqJDi67KYtEomlEZouChCMdo0keqM8kJZqPDcFEMnMrIkNsktAmtaIJwZ1/eZE0qxX3rFK9Oy/VrvM4CnAEx1AGFy6gBrdQhwYQeIRneIU368l6sd6tj1nrkpXPHMAfWJ8/XuiWJA==</latexit>

!
! p

e! !
! p

! if ! > ! min
<latexit sha1_base64="NSt5Q/y/P1rgcfmtYL/bea9zHME="></latexit>

1 !
!

! p
e! !

! p
! min if ! ! ! min

<latexit sha1_base64="DqogP2cxeNSTepfh+uOVSFd6bpo="></latexit>

p(! |! p ) =
<latexit sha1_base64="I0cFiZQUavLXU2x1HyC6iTJ1ZwQ=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQYhN2o6CNENTCMoK5QBLC7OQkGTJ7YeasGNatbXwVGwtFbH0CO9/G3SSFJv4w8PGfczhzfieQQqNlfRuZhcWl5ZXsam5tfWNzy9zeqWk/VByq3Je+ajhMgxQeVFGghEaggLmOhLozvEzr9TtQWvjeLY4CaLus74me4AwTq2PuB4XWFUhk9IFOoBO1EO4xCuL4iJ7nch0zbxWtseg82FPIk6kqHfOr1fV56IKHXDKtm7YVYDtiCgWXEOdaoYaA8SHrQzNBj7mg29H4lJgeJk6X9nyVPA/p2P09ETFX65HrJJ0uw4GeraXmf7VmiL2zdiS8IETw+GRRL5QUfZrmQrtCAUc5SoBxJZK/Uj5ginFM0ktDsGdPnodaqWgfF0s3J/nyxTSOLNkjB6RAbHJKyuSaVEiVcPJInskreTOejBfj3fiYtGaM6cwu+SPj8wc+nJlT</latexit>

!

<latexit sha1_base64="7JECbGxSeaqo9PS/MyzH1KMXSxU=">AAAB8HicbVBNS8NAEJ3Urxq/qh69LBbBU0mqoMeiF48V7Ic0oWy2m3TpbhJ2N0IJ/RVePCji1Z/jzX/jps1BWx8MPN6bYWZekHKmtON8W5W19Y3Nreq2vbO7t39QOzzqqiSThHZIwhPZD7CinMW0o5nmtJ9KikXAaS+Y3BZ+74lKxZL4QU9T6gscxSxkBGsjPXoBiyIvt+1hre40nDnQKnFLUocS7WHtyxslJBM01oRjpQauk2o/x1IzwunM9jJFU0wmOKIDQ2MsqPLz+cEzdGaUEQoTaSrWaK7+nsixUGoqAtMpsB6rZa8Q//MGmQ6v/ZzFaaZpTBaLwowjnaDiezRikhLNp4ZgIpm5FZExlphok1ERgrv88irpNhvuRaN5f1lv3ZRxVOEETuEcXLiCFtxBGzpAQMAzvMKbJa0X6936WLRWrHLmGP7A+vwBwoGPuA==</latexit>

Likelihood-based clustering



!21

¥Joint likelihood

¥Joint likelihood ratio

¥Joint score

Augmented data

Additional information that characterizes the latent process can be extracted:

The model keeps track of the augmented data based 
on a PYRO  implementation.

=> The model allows the implementation of new 
techniques for likelihood-free inference.
[J. Brehmer, G. Louppe, J. Pavez & K. Cranmer 2018 ]

http://pyro.ai
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Reconstruction of �root
<latexit sha1_base64="8r8L82v8hhSOMZt/O95TMXQ1qzI=">AAAB/XicbVDJSgNBEO2JW4xbXG5eBoPgKcxEQY9BPXiMYBbIDKGnU0ma9EwP3TViHAZ/xYsHRbz6H978GzvLQRMfFDzeq6KqXhALrtFxvq3c0vLK6lp+vbCxubW9U9zda2iZKAZ1JoVUrYBqEDyCOnIU0IoV0DAQ0AyGV2O/eQ9Kcxnd4SgGP6T9iPc4o2ikTvHAuwaBtJN6CA+YKikxyzrFklN2JrAXiTsjJTJDrVP88rqSJSFEyATVuu06MfopVciZgKzgJRpiyoa0D21DIxqC9tPJ9Zl9bJSu3ZPKVIT2RP09kdJQ61EYmM6Q4kDPe2PxP6+dYO/CT3kUJwgRmy7qJcJGaY+jsLtcAUMxMoQyxc2tNhtQRRmawAomBHf+5UXSqJTd03Ll9qxUvZzFkSeH5IicEJeckyq5ITVSJ4w8kmfySt6sJ+vFerc+pq05azazT/7A+vwBjlKV8Q==</latexit>

BS is ~ 3x more likely of 
recovering�root

<latexit sha1_base64="8r8L82v8hhSOMZt/O95TMXQ1qzI=">AAAB/XicbVDJSgNBEO2JW4xbXG5eBoPgKcxEQY9BPXiMYBbIDKGnU0ma9EwP3TViHAZ/xYsHRbz6H978GzvLQRMfFDzeq6KqXhALrtFxvq3c0vLK6lp+vbCxubW9U9zda2iZKAZ1JoVUrYBqEDyCOnIU0IoV0DAQ0AyGV2O/eQ9Kcxnd4SgGP6T9iPc4o2ikTvHAuwaBtJN6CA+YKikxyzrFklN2JrAXiTsjJTJDrVP88rqSJSFEyATVuu06MfopVciZgKzgJRpiyoa0D21DIxqC9tPJ9Zl9bJSu3ZPKVIT2RP09kdJQ61EYmM6Q4kDPe2PxP6+dYO/CT3kUJwgRmy7qJcJGaY+jsLtcAUMxMoQyxc2tNhtQRRmawAomBHf+5UXSqJTd03Ll9qxUvZzFkSeH5IicEJeckyq5ITVSJ4w8kmfySt6sJ+vFerc+pq05azazT/7A+vwBjlKV8Q==</latexit>

!pL =
1
2

!pp ! !! p

!pR =
1
2

!pp + !! p
<latexit sha1_base64="u5Vb5iqxNfZ3+QHkcLIjJGAwzsE="></latexit>
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    angle!
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>
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Q-jets

¥Assemble trees via a series of 2 to 1 mergings:

       - Compute a set of weights       for every pair at each stage.

  - Probability  

  - A random number is generated to choose a pair with probability 

! ij
<latexit sha1_base64="E/vJMAqrmpXxdsIGVqFxY6smars=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5id9CZj5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ3V7SsCQ9DP2OO2XK37VnwOvkiAnFZSj0S9/9QaKpgKkpZwY0w38xIYZ0ZZRDtNSLzWQEDomQ+g6KokAE2bzk6f4zCkDHCvtSlo8V39PZEQYMxGR6xTEjsyyNxP/87qpja/DjMkktSDpYlGccmwVnv2PB0wDtXziCKGauVsxHRFNqHUplVwIwfLLq6RVqwYX1dr9ZaV+k8dRRCfoFJ2jAF2hOrpDDdREFCn0jF7Rm2e9F+/d+1i0Frx85hj9gff5A6I/kXs=</latexit>

! ij = ! ij /N
<latexit sha1_base64="95kpfHDsmO2CUPRku79fTIVsSu0=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqs5UQTdC0Y0rrWAf0BmGTJq2sUlmSDJCGbpw46+4caGIWz/CnX9j2g6irQcunJxzL7n3hDGjSjvOl5VbWFxaXsmvFtbWNza37O2dhooSiUkdRyySrRApwqggdU01I61YEsRDRprh4GLsN++JVDQSt3oYE5+jnqBdipE2UmAXvWtOeihI6d0InkEv+nkdXgV2ySk7E8B54makBDLUAvvT60Q44URozJBSbdeJtZ8iqSlmZFTwEkVihAeoR9qGCsSJ8tPJESO4b5QO7EbSlNBwov6eSBFXashD08mR7qtZbyz+57UT3T31UyriRBOBpx91EwZ1BMeJwA6VBGs2NARhSc2uEPeRRFib3AomBHf25HnSqJTdo3Ll5rhUPc/iyIMi2AMHwAUnoAouQQ3UAQYP4Am8gFfr0Xq23qz3aWvOymZ2wR9YH98LxZe1</latexit>

! ij
<latexit sha1_base64="I0jI7mZDC41NEdNcOZBPiQUZQPk=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04s0K9gOaUDbbabt2Nwm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqlGwSNsGG4EthOFVIYCW+HoZuq3nlBpHkcPZpxgIOkg4n3OqLGS799JHNBuxh8npFsquxV3BrJMvJyUIUe9W/ryezFLJUaGCap1x3MTE2RUGc4ETop+qjGhbEQH2LE0ohJ1kM1unpBTq/RIP1a2IkNm6u+JjEqtxzK0nZKaoV70puJ/Xic1/asg41GSGozYfFE/FcTEZBoA6XGFzIixJZQpbm8lbEgVZcbGVLQheIsvL5NmteKdV6r3F+XadR5HAY7hBM7Ag0uowS3UoQEMEniGV3hzUufFeXc+5q0rTj5zBH/gfP4AyoaRhQ==</latexit>

! !
ij ! e! !

( d ij ! d min )

d min
<latexit sha1_base64="5ZWsXdBlq3uNsYsmfUsguP0dwXs="></latexit>

p(z|x)
<latexit sha1_base64="8uqkuk2Xkls5WN2mHCTSE9JXNaw=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUS9mtgh6LXjxWsB/QLiWbZtvQJLsmWbGu/RNePCji1b/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O0vLK6tr67mN/ObW9s5uYW+/oaNEEVonEY9UK8CaciZp3TDDaStWFIuA02YwvJr4zXuqNIvkrRnF1Be4L1nICDZWasWlR/SEHk66haJbdqdAi8TLSBEy1LqFr04vIomg0hCOtW57bmz8FCvDCKfjfCfRNMZkiPu0banEgmo/nd47RsdW6aEwUrakQVP190SKhdYjEdhOgc1Az3sT8T+vnZjwwk+ZjBNDJZktChOOTIQmz6MeU5QYPrIEE8XsrYgMsMLE2IjyNgRv/uVF0qiUvdNy5easWL3M4sjBIRxBCTw4hypcQw3qQIDDM7zCm3PnvDjvzsesdcnJZg7gD5zPH+2Tjz0=</latexit>

Given a set of constituents, what is the probability of each latent path? 

[arXiv:1201.1914] 
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CMS ImageTop 
architecture initially 
based on CNN

Similar technology to 
ATLAS TopoDNN

Similar technology to 
CMS DeepAK8

Comparison
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Huilin Qu - Boost 2019 talk 

Performance metrics
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https://www.coursera.org/nlp-sequence-models/beam-search

Andrew Ng - deeplearning.ai

Beam Search Algorithms

https://www.coursera.org/lecture/nlp-sequence-models/beam-search-4EtHZ
https://www.deeplearning.ai/
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https://www.coursera.org/nlp-sequence-models/beam-search

Andrew Ng - deeplearning.ai

Beam Search Algorithms

https://www.coursera.org/lecture/nlp-sequence-models/beam-search-4EtHZ
https://www.deeplearning.ai/
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First results

¥Sample of 30 sets of 500 W boson-like jets each.


